against A(H1N1)pdm09 provided protection against A(H1N1) pdm09-associated illness across a wide age range [1] [2] [3] . A(H1N1)pdm09 viruses that continue to circulate have acquired mutations in the hemagglutinin gene that caused the emergence of new A(H1N1)pdm09 genetic groups, including 6B (predominant in 2013-2014) [4] and 6B.1 (predominant in 2015-2016) [5] . The vast majority of circulating A(H1N1)pdm09 viruses in 2013-2014 and 2015-2016 belonging to genetic groups 6B and 6B.1 were antigenically similar to the A/California/07/2009 reference virus, based on hemagglutination-inhibiting antibody (HIA) assays, using postinfection ferret antisera [4, 5] . However, during the 2015-2016 influenza season, reduced vaccine effectiveness (VE) against A(H1N1)pdm09 was observed among some age groups of patients enrolled in the Influenza Vaccine Effectiveness (Flu VE) Network study [6] , and some A(H1N1)pdm09 viruses reacted poorly with human sera from vaccinated individuals [5] . To explore age-related differences in A(H1N1)pdm09-specific VE, we defined birth cohorts on the basis of exposure to different groups of A(H1N1) viruses and estimated VE according to birth cohort. We compared VE for each birth cohort during 5 influenza seasons after 2009.
METHODS

A(H1N1) Virus-Exposed Birth Cohorts
To explore the hypothesis that patients' initial infections with specific A(H1N1) viruses might influence A(H1N1)pdm09 VE, we retrospectively constructed a series of patient birth cohorts based on likely immunologic priming with groups of A(H1N1) viruses that circulated from 1918 through 1957 and from 1977 through 2015, represented by 7 reference A(H1N1) viruses [7, 8] (Table 1 and Figure 1A) . We assumed that a majority of individuals had been infected with viruses similar to the first reference A(H1N1) strain to which they were exposed. For most individuals, initial A(H1N1) virus infections likely occurred early in life; serologic data suggest that a majority of persons experience their first influenza virus infection by age 3 years [9] . [CDC] , unpublished data). Serologic data indicated mixed patterns of immunologic priming during intervals between circulation of reference A(H1N1) strains. To minimize mixed patterns of immunologic priming and maintain reasonable sample sizes in each cohort, we excluded from each birth cohort individuals born during the 2 years before circulation of a new reference A(H1N1) strain. We conducted sensitivity analyses including intervals between reference A(H1N1) strains in birth cohorts.
Calculation of VE
To evaluate the effectiveness of influenza vaccine with respect to A(H1N1) virus birth cohort, we analyzed data from patients enrolled in the Flu VE Network study from the 2010-2011 through the 2015-2016 seasons; the 2014-2015 season was excluded because of limited circulation of A(H1N1)pdm09 viruses. Methods for the Flu VE Network study have been described previously [3, 6] . Briefly, patients who presented to participating healthcare facilities within 7 days of illness onset and met symptom criteria (cough or fever [during 2010-2011 and 2011-2012] , or at least cough [beginning in 2012-2013]) were enrolled. Demographic data were collected by study staff during an enrollment interview. Respiratory specimens (ie, nasal and throat swab specimens) were collected and tested for influenza virus at network laboratories with reverse transcription-polymerase chain reaction (RT-PCR), using a standardized protocol developed by the CDC [10] . Positive specimens were tested for influenza virus type and subtype. A(H1N1) pdm09 virus-positive patients and influenza virus-negative patients were included in this analysis. We excluded patients who tested positive for A(H3N2) or B virus infection, patients with an inconclusive RT-PCR result, and influenza virus-negative patients enrolled outside of periods of A(H1N1)pdm09 virus circulation at each site. Patients were considered vaccinated for the current season if medical or immunization records indicated receipt of ≥1 dose of inactivated influenza vaccine at least 14 days before symptom onset; patients vaccinated <14 days before illness onset and those who received live attenuated influenza vaccine were excluded. Patients aged ≥9 years were also considered vaccinated if they provided the month and location of receipt of inactivated influenza vaccine that was not documented in immunization records. The effectiveness of influenza vaccine against A(H1N1)pdm09-associated illness was calculated using a test-negative study design [11, 12] , comparing odds of vaccination among cases of A(H1N1)pdm09 to the odds of vaccination among influenza virus-negative patients (controls). VE and 95% confidence intervals (CIs) were calculated as [1 − adjusted odds ratio] × 100, where adjusted odds ratios were calculated from multivariable logistic regression models including age, sex, race/ethnicity, interval from onset to enrollment, presence of any high-risk health condition, subjective general health status, study site, and calendar time (dichotomous variables representing 2-week intervals by season). We investigated trends in VE with respect to year of age, using a cubic spline function with 5 knots for age, as previously described [13] . VE against A(H1N1)pdm09-associated illness a Birth cohorts of individuals for whom the specified reference virus was the probable influenza A(H1N1) virus to which the individuals were first exposed. was estimated for each birth cohort born after 1933, in stratified multivariate regression models; interaction terms were included to test for statistically significant differences in birth cohort-specific VE by season. VE estimates were considered statistically significant if 95% CIs excluded 0 and interaction terms with P values of <.05 indicated statistically significant differences in VE with respect to birth cohort or season. Table 2 presents descriptive statistics for A(H1N1)pdm09 virus-positive cases and influenza virus-negative control patients. A total of 7002 influenza virus-negative patients (48%) and 597 A(H1N1)pdm09-positive patients (28%) had received ≥1 dose of seasonal inactivated influenza vaccine at least 14 days prior to illness onset. After adjustment for patient age, sex, race/ethnicity, and presence of high-risk conditions, VE against A(H1N1)pdm09 virus-associated illness was statistically significantly lower during the 2015-2016 season (47%; 95% CI, 36%-56%), compared with that during the 2010-2011 through 2013-2014 seasons (61%; 95% CI, 56%-66%; P < .01 for the difference in VE, by period; Table 3 
VE, by A(H1N1)-Exposed Birth Cohort
For analysis of the A(H1N1)pdm09 VE stratified by birth cohort, we combined data from the 2010-2011 season through the 2012-2013 season. We identified one cohort, born during 1958-1979 (patient age range during the 5 influenza seasons, 31-57 years), with a statistically significantly lower VE against A(H1N1)pdm09-associated illness during the 2015-2016 season (22%; 95% CI, −7%-43%) as compared to that from 2010-2011 through 2012-2013 (61%; 95% CI, 38%-75%; P < .01 for the difference in VE) and during 2013-2014 (56%; 95% CI, 40%-67%; P < .01 for the difference in VE; Table 3 and Figure 2 ). Exclusion the 1958-1979 birth cohort yielded an overall VE against A(H1N1)pdm09-associated illness of 61% (95% CI, 54%-66%) during 2015-2016. The 1958-1979 birth cohort includes those whose initial exposure to influenza A(H1N1) viruses would not have occurred until 20 years of age. For subsets of this cohort, initial Figure 1A) . A reduced VE against A(H1N1)pdm09 during 2015-2016 was observed in patients born during 1958-1966 (13%; 95% CI, −43%-46%), who were initially exposed to A(H2N2) virus, and among those born during 1968-1975 (30%; 95% CI, −21%-60%), who were initially exposed to A(H3N2) virus prior to reemergence of A(H1N1) viruses. For patients born during 1977-1979, who were likely exposed to A(H1N1) during their initial infection, the estimated A(H1N1)pdm09-specific VE during 2015-2016 was 26% (95% CI, −116%-75%). Reduced VE against A(H1N1)pdm09-associated illness during 2015-2016 was not observed in A(H1N1)-exposed birth cohorts born before 1955 or after 1981 (Table 3 and Figure 1C ). During 2015-2016, the adjusted VE against A(H1N1) pdm09-associated illness was 68% (95% CI, 10%-89%) among patients born during 1934-1944 (age range, 71-81 years) and was not statistically significantly lower (41%; 95% CI, −4%-67%; P = .2 for the difference in VE stratified by birth cohort) among those born during 1947-1955 (age range, 60-68 years). Among younger cohorts, the VE against A(H1N1)pdm09 was 54% (95% CI, 17%-74%) among patients born during 1982-1991 and 63% (95% CI, 32%-79%) among those born during 1994-2006. In these birth cohorts, VE estimates against A(H1N1)pdm09 viruses were similar in 2013-2014, when 99% of A(H1N1)pdm09 viruses characterized by US virologic surveillance belonged to HA genetic group 6B, and in 2015-2016, when 93% of A(H1N1)pdm09 viruses belonged to genetic group 6B.1 and only 6% belonged to group 6B. Among children aged ≥6 months born in or after 2009, the adjusted VE against A(H1N1)pdm09-associated illness was 65% (95% CI, 34%-82%) during 2013-2014 and 64% (95% CI, 42%-77%) during 2015-2016.
DISCUSSION
In this analysis of 5 seasons of data from the Flu VE study, the VE against A(H1N1)pdm09-associated illness was significantly lower in 2015-2016 than during the 4 seasons following the 2009 b Logistic regression models adjusted for site, age (natural cubic spline, using age in months at enrollment), high-risk status, interval from onset to enrollment, calendar time (biweekly intervals and season), sex, and race/Hispanic ethnicity.
pandemic. Decreased VE was consistent with observations that circulating A(H1N1)pdm09 viruses in 2015-2016 (belonging to genetic group 6B.1) were poorly inhibited by some groups of postvaccination adult human sera [5] . As a result, the A(H1N1) vaccine component was updated to an A/Michigan/45/2015 group 6B.1 virus for the 2017 southern hemisphere [14] and 2017-2018 northern hemisphere [15] vaccine formulations. The need to update the A(H1N1)pdm09 vaccine component was not indicated by traditional hemagglutination inhibition assays, using postinfection ferret antisera, which did not distinguish between the A/California/07/2009(H1N1)pdm09 reference strain and circulating A(H1N1)pdm09 group 6B and 6B.1 viruses [14] . Reduced VE associated with changes in circulating viruses may signal the need for updating vaccine components even when antigenic changes are not detected with ferret antisera. These results reinforce the need for human serologic data and VE studies, in addition to traditional ferret studies, to monitor changes in influenza viruses and inform vaccine strain selection.
Compared to the A(H1N1)pdm09-specific VE from 2010-2011 through 2013-2014, a significantly lower VE against A(H1N1)pdm09-associated illness during the 2015-2016 season appeared to be attributable to a reduced VE in the age cohort of adults born between 1958 and 1979. Adults aged 36-57 years accounted for nearly one third of confirmed A(H1N1)pdm09 cases among Flu VE Network enrollees during 2015-2016, and the decreased VE in this age cohort contributed to a lower overall VE against A(H1N1)pdm09-related illness compared to previous seasons. The decreased VE was specific to individuals in the affected cohort; excluding individuals born during 1958-1979 from the analysis, the VE against A(H1N1) pdm09 in 2015-2016 (approximately 60%) was similar to VE estimates in previous postpandemic seasons. Based on the hypothesis that initial infections with influenza A viruses may also provide heterosubtypic protection [16] , we compared the VE among individuals in the 1958-1979 birth cohort, who were likely exposed to initial infection with A(H2N2) or A(H3N2) viruses prior to A(H1N1) viruses. However, we did not observe statistically significant differences in VE in these 2 groups and observed similar point estimates for VE (despite wide 95% CIs) for the subgroup born 1977-1979, which was likely exposed to A(H1N1) virus during their initial infection. The association with birth cohort was observed after the emergence of A(H1N1) pdm09 group 6B.1; the VE did not vary significantly by age cohort during the 2013-2014 season, when nearly all A(H1N1) pdm09 viruses were group 6B viruses.
An association between reduced VE and birth cohort was also observed during the 2015-2016 influenza season in Canada, where the overall VE against A(H1N1)pdm09 was 43% but the VE among adults born during 1957-1976 was 25% [17] . However, the association with birth cohort was not identified by other VE studies in 2015-2016, in which A(H1N1)pdm09 group 6B.1 viruses predominated, including among hospitalized adults in the United States (CDC, unpublished data). Interim 2015-2016 VE estimates from studies in the United Kingdom [19] and Europe [20] reported a VE against A(H1N1)pdm09 similar to that seen in previous seasons. A higher vaccination coverage among US adults in this age group and a larger sample size may have aided detection of this association between VE and birth cohort in the Flu VE Network study. Because birth cohort divisions are based on hypothesized time of initial infection but actual timing of infection varies among individual patients, larger numbers of patients may be needed to observe differences in VE stratified by birth cohort. On the other hand, the observed variability may have occurred by chance.
Limited serologic data suggest that some adults born during 1958-1979 (age range in 2015-2016, 36-57 years) have decreased antibody titers against A(H1N1)pdm09 group 6B and 6B.1 viruses [21, 22] . In this birth cohort, many individuals show immunologic priming with A/USSR/90/1977-like viruses, the first group of A(H1N1) viruses to which persons born during 1958-1979 were exposed. In some A/USSR/90/1977-primed individuals, vaccination with A(H1N1)pdm09 viruses may induce antibodies against shared epitopes present on early A(H1N1)pdm09 viruses [21] . Amino acid or glycosylation changes in these specific epitopes later A(H1N1)pdm09 viruses from genetic groups 6B and 6B.1 may result in decreased antibody titers in humans. In one analysis by Linderman et al [22] , low reactivity to A(H1N1)pdm09 group 6B viruses (including those with an K163Q mutation) was observed in 42% of individuals born during 1965-1979 (and likely exposed to A/ USSR/90/1977). In a prospective study, Petrie et al [23] found that decreased HIA titers to A(H1N1)pdm09 group 6B viruses predicted higher A(H1N1)pdm09 attack rates in 2013-2014, compared with HIA titers of ≥1:40 against A(H1N1)pdm09 group 6B viruses. However, the majority of individuals with HIA titers of ≥1:40 against A/California/07/2009 also had titers of ≥1:40 against group 6B viruses [23] . The lack of an observed association between birth cohort and A(H1N1)pdm09-specific VE during 2013-2014, when group 6B predominated, suggests that additional changes in 6B.1 viruses may have contributed to the age effect observed during 2015-2016. Specifically, the addition of a glycosylation site at HA position 162 in group 6B.1 viruses may further reduce or block antibody binding to the epitope containing Q163, resulting in reduced VE among groups of adults with dominant antibody responses targeting this epitope.
Initial exposures to specific influenza viruses may have long-lasting effects on immune responses [24, 25] . Postvaccination response is dominated by the expansion of preexisting memory B cells; a high serum titer before vaccination results in a more dominant boost effect of preexisting antibodies and the emergence of fewer vaccine antigen-elicited antibodies [26] . The A(H1N1)pdm09 pandemic was marked by elevated attack rates in children and young adults, who lacked cross-reactive antibodies to A(H1N1)pdm09 viruses. In contrast, a substantial percentage of adults aged >60 years had cross-reactive antibodies that provided protection against A(H1N1)pdm09-related illness [27, 28] . Cross-reactive antibodies in older adults were likely the result of infection early in life with A(H1N1) viruses with which A(H1N1)pdm09 viruses shared antigenic characteristics [29] .
Although birth cohort effects on antibody responses were described by Francis in 1960 [30] , there have been few reports of the association between reduced VE and birth cohort [17] . Age-specific differences in VE have been frequently observed, with the typical pattern being lower VE among adults aged ≥65 years [13] . However, the attribution of a lower VE to a birth cohort effect is subject to several limitations. First, like all observational studies of VE, differences between groups of vaccinated and unvaccinated individuals may influence results, and adjustments may not control all potential sources of confounding. Second, analyses of Flu VE Network data stratified by birth cohort resulted in small sample sizes that reduce the precision around VE estimates. This limits our ability to detect smaller age cohort effects, especially for the seasons prior to 2013-2014, when few confirmed patients with A(H1N1)pdm09-related illness were enrolled. In addition, patterns of immunologic priming with seasonal A(H1N1) viruses, especially before 1957, are based on limited serologic data, while relative proportions of individuals primed to reference strains during specific periods are unknown. More-recent human serologic data suggest overlapping patterns of priming to A(H1N1) viruses during antigenic transitions (CDC, unpublished data); for this reason, we excluded birth cohorts of individuals born ≤2 years before A(H1N1) virus transitions, but some misclassification of priming patterns is unavoidable. Inclusion of transition years in birth cohorts resulted in similar estimates (Supplementary Table 1 ). Previous studies have suggested that vaccination in years prior to the current year may influence VE [13, 31, 32] . However, we observed a reduced VE in the 1958-1979 birth cohort whether or not the individual had been vaccinated in the prior season (data not shown). Finally, Flu VE Network populations may differ from the US population in ways related to exposures to earlier A(H1N1) viruses, and we cannot exclude the possibility that the observed associations with birth cohort were due to factors other than early exposures to A(H1N1) viruses.
Replacement of the A/California/07/2009(H1N1)pdm09 vaccine reference strain with A/Michigan/45/2015 (group 6B.1) should lead to improved VE against circulating A(H1N1) pdm09 viruses. Ongoing monitoring of VE against A(H1N1) pdm09-related illness will evaluate whether the improved antibody response to circulating A(H1N1)pdm09 viruses is enough to overcome the effects of immunologic priming in the affected birth cohorts [30, 33] .
